Ultrafast charge carrier separation in Potassium-intercalated endohedral
  metallofullerene Sc$_3$N@C$_{80}$ thin films by Emmerich, Sebastian et al.
Ultrafast charge carrier separation in Potassium-intercalated endohedral
metallofullerene Sc3N@C80 thin films
Sebastian Emmerich,1, ∗ Sebastian Hedwig,1 Mirko Cinchetti,2 Benjamin Stadtmu¨ller,1 and Martin Aeschlimann1
1University of Kaiserslautern and Research Center OPTIMAS,
Erwin-Schro¨dinger-Straße 46, 67663 Kaiserslautern, Germany
2Experimentelle Physik VI, Technische Universita¨t Dortmund, 44221 Dortmund, Germany
Molecular materials have emerged as highly tunable materials for photovoltaic and light-harvesting
applications. The most severe challenge of this class of materials is the trapping of charge carriers in
bound electron-hole pairs, which severely limits the free charge carrier generation. Here, we demon-
strate a significant modification of the exciton dynamics of thin films of endohedral metallofullerene
complexes upon alkali metal intercalation. For the exemplary case of Sc3N@C80 thin films, we show
that potassium intercalation results in an additional relaxation channel for the optically excited
charge-transfer excitons that prevents the trapping of excitons in a long-lived Frenkel exciton-like
state. Instead, K intercalation leads to an ultrafast exciton dissociation coinciding most likely with
the generation of free charge carriers. In this way, we propose alkali metal doping of molecular
films as a novel approach to enhance the light to-charge carrier conversion efficiency in photovoltaic
materials.
1. INTRODUCTION
Designing and functionalizing materials for dedicated
areas of application is one of the biggest promises of ma-
terials science, aiming to advance the performance of next
generation technology. One of the most important quests
in this field is to uncover and optimize materials for light
harvesting and photovoltaic applications to create renew-
able sources1, which are able to convert solar energy into
charge and spin carriers with utmost energy efficiency.
From the manifold of photovoltaic materials2–5, one
of the most promising candidates to supplement or even
replace today’s compounds are molecular materials. Be-
sides low cost production and sustainability, the most
intriguing property of these materials is their chemi-
cal tunability. This allows one to actively control the
two most crucial material properties for the device ef-
ficiency on a single molecular scale, namely the spec-
tral light absorption efficiency and the charge carrier
transport6. For instance, they can be manipulated or
controlled by the choice of the molecular core and the
molecular ligands7–10.
A very special and extremely tunable case in this
context are fullerenes such as the buckminsterfullerene
C60. Their properties can be tailored either by chang-
ing the number of atoms of the carbon cage itself or
by incorporating atoms or small clusters of atoms into
the carbon cage, forming so called endohedral metallo-
fullerenes (EMFs)11,12. The latter offers the particular
opportunity to embed spin-carrying atoms into the car-
bon cage to form single molecular magnets, or to ma-
nipulate the charge transport properties7,13 and excited
state dynamics14 of EMF films by the appropriate choice
of the metallic cluster inside the carbon cage.
In this Letter, we explore the ultrafast dynamics of
functionalized EMF materials after optical excitation
∗Electronic address: emmerich@physik.uni-kl.de
with fs-light pulses. The excited state dynamics provide
a direct view onto the microscopic mechanism mediat-
ing or limiting the light-to-charge conversion efficiency
in molecular materials. In contrast to inorganic met-
als or semiconductors, the optical excitation of molecular
materials with visible light does not result in the forma-
tion of free carriers, but in bound electron-hole pairs, so
called excitons, with binding energies up to several hun-
dred meV15. These excitons can exhibit different charge
distributions and different degrees of spatial delocaliza-
tion, which are typically described in the limit of charge-
transfer (CT) and Frenkel excitons and can have long
depopulation (decay) times up to several hundreds of
microseconds. The long depopulation times of the en-
ergetically lowest excitonic level as well as its large exci-
ton binding energy severely limit the optically induced
free carrier generation in molecular materials, a chal-
lenge that must be tackled to improve the performance
of molecular-based photovoltaic applications.
Therefore, we focus on the tunability of the exciton
dynamics of EMF materials by potassium (K) intercala-
tion. As exemplary case, we have selected the tri-metallic
nitride fullerene Sc3N@C80. It consists of a very robust
C80 carbon cage, which encapsulates three scandium (Sc)
atoms coordinated to a central nitrogen (N) atom. This
member of the EMF family is particularly interesting
since the lowest unoccupied molecular orbital (LUMO)
is not located at the carbon cage, but predominantly at
the Sc3N core
16. This enables us not only to study the
exciton dynamics at the carbon cage, but also to gain
insights into potential cluster-cage charge transfer phe-
nomena on ultrafast timescales.
In the following, we will show that K intercalation
has a significant influence on the exciton dynamics of
thin films of the prototypical endohedral metallofullerene
Sc3N@C80. Using time-resolved photoemission with fs-
XUV radiation, we find that the exciton dynamics of the
pristine (undoped) molecular film after optical exciton
with visible light are dominated by an exciton decay cas-
cade starting from the thermalization of optically excited
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FIG. 1: Electron dynamics in a pristine Sc3N@C80 multilayer film. a Excitons are created with a fs 3.2 eV laser pulse and
subsequently decay into energetically lower excitonic states. b The energy level diagram shows the energetic position of the
excitons CT2, CT1 and S1. c Population dynamics of the three excitonic levels shown in panel b. d Valence band structure
of the studied Sc3N@C80 film for different pump-probe time delays (shown in green colors). The colored peaks show the
contributions of the fitting model for the quasi-static (∆t = −250 fs) spectrum (for other time steps, refer to Fig. S3).
e Transient change of the linewidth for the HOMO state (dots), fitted with a double exponential decay function convoluted
with the pump-probe cross correlation curve (solid line).
CT excitons to a trapping of the excited states in a long-
lived Frenkel exciton. Upon K intercalation, the decay
cascade ends after the thermalization of the CT excitons
which dissolve on sub-500 fs timescales. We propose that
this modification is caused by the dissociation of CT exci-
tons due to the interaction with the K-atoms resulting in
the generation of free charge carriers in homo-molecular
materials on ultrafast timescales.
2. RESULTS AND DISCUSSION
2.1. Ultrafast exciton dynamics of pristine
Sc3N@C80 thin films
We start our discussion with the ultrafast dynamics of
the pristine Sc3N@C80 thin film (Θ Sc3 N@C80 ≈ 10 ML).
The exciton dynamics were investigated in real-time us-
ing time-resolved photoelectron spectroscopy with fs-
XUV radiation (experimental details can be found in
the supplementary information). Crucially, the photon
energy allows us to simultaneously monitor the excited
state dynamics as well as the transient changes in the
occupied valence levels of the entire molecular film. The
latter can reveal characteristic transient spectral changes
upon optical excitation, such as a transient linewidth
broadening of all molecular valence states, which was re-
cently identified as the transient spectroscopic signatures
of CT excitons in molecular films17.
The exciton dynamics of the Sc3N@C80 film are shown
as a two-dimensional plot of the time-dependent pho-
toemission intensity in Fig. 1a. After optical excitation
with 3.2 eV photons, we observe the instantaneous ac-
cumulation of spectral density 2.8 eV above the highest
occupied molecular orbital (HOMO) of the Sc3N@C80
molecule. This photoemission signal is identified as the
CT2 level, which is resonantly excited from the HOMO
level (S0 in Fig. 1b) of the molecular film. This tran-
sient population decays into the CT1 level at 2.1 eV above
EHOMO before becoming trapped in the excited state S1
at E − EHOMO = 1.7 eV with a depopulation time of
τ S1  1 ps. This decay cascade is summarized in the
energy diagram in Fig. 1b.
To quantify the exciton dynamics, we employed a fit-
ting model with three Gaussian curves to model the time-
dependent spectral density of the three states CT2, CT1
and S1. During our fitting routine, we constrained the
excited state energy and the linewidth (full width at
half maximum, FWHM) of each excited state to a fixed
value. The only free fitting parameter is the peak in-
tensity (area) of each Gaussian curve, which reflects the
population of each excitonic level (more details see sup-
porting information).
The measured population dynamics of each excitonic
state is shown in Fig. 1c as colored dots. The solid lines of
identical color represent the fitting model to determine
3the depopulation (decay) time of each excitonic state.
The CT2 exciton is formed instantaneously after the op-
tical exciton (within our experimental uncertainty) and
directly decays into the lower lying CT1 exciton within
τCT2 = 45 ± 5 fs (black curve). The decay dynamics
of CT1 can only be described by a double-exponential
decay (see red curve in figure 1c) with two significantly
different depopulation times of τCT1,1 = 50 ± 5 fs and
τCT1,2 = 2.5±1.0 ps. Subsequently, the population of the
S1 exciton increases within the first 200 fs before staying
almost constant for all times investigated in our experi-
ment. This points to an excitonic lifetime of the S1 level
of τ S1  10 ps.
The double-exponential decay trace of CT1 suggests
the existence of at least two excitonic states in this ex-
cited state range which could not be separated in our
data. In fact, the spectral shape of the excited states
changes continuously during the transition from the CT2
to the CT1 exciton. However, no reliable fitting results
were obtained when allowing a continuous change of the
spectral line shape of the CT2 exciton. Therefore, we
had to limit our fitting model to three excitonic states
CT2, CT1 and S1 at fixed excited state energies.
The spatial charge distribution of the three excitonic
states can be revealed by analyzing the occupied valence
states’ dynamics. Figure 1d shows the general trend of
the optically induced band structure dynamics of the oc-
cupied molecular levels by displaying selected EDCs for
characteristic time steps of the previously observed ex-
citon dynamics in the excited states. First, before op-
tical excitation (∆t = −250 fs), the quasi-static spectral
line-shape of the HOMO level as well as the lower lying
molecular orbitals (HOMO-X) reflect perfectly the spec-
troscopic findings of previous studies of Sc3N@C80 multi-
layer films on different surfaces18,19. Upon optical excita-
tion and creation of excitons, the linewidth of all molec-
ular features increases before transforming back to its
original state. The relaxation dynamics are significantly
slower than the excitation and occur only within several
hundreds of fs. This transient broadening of all molec-
ular valence orbitals reflects the many-body response of
the molecular material to the optically induced excitons,
caused by electronic correlations and dielectric screening.
Even more importantly, the transient broadening was re-
cently identified as the spectroscopic signature of CT ex-
citons in the molecular material17 and hence clearly hints
an at least partial CT character of the optically excited
excitons in the Sc3N@C80 film.
The transient changes of the spectral linewidth were
quantified by applying a dedicated fitting routine (see
SI for a detailed description of the valence orbital fit-
ting routine). The extracted transient evolution of the
linewidth of the HOMO level is shown in Fig. 1e. We
find an instant rise of the transient linewidth after op-
tical excitation within our fs temporal resolution20 fol-
lowed by a double-exponential decay with two signifi-
cantly different time constants. These time constants
are τTB2 = 90± 15 fs and τTB1 = 2.5± 0.5 ps.These time
constants match almost perfectly the depopulation times
of the CT2 and the CT1 excitons, but not the one of the
S1 exciton. Therefore, only the CT2 and CT1 excitons
reveal partial CT character.
Together, our findings for exciton population dynam-
ics (excited states) and the transient charge character
of the excitons (valence states) provides a clear picture
of the exciton dynamics in the pristine Sc3N@C80 film.
Optical exciton with 3.2 eV photons results in the in-
stantaneous formation of hot excitons with at least par-
tial CT character (referred to as CT2). These CT2 ex-
citons thermalize within 100 fs and transform continu-
ously into the CT1 excitons with lower excited state en-
ergy. In a second step, the thermalized CT1 excitons
decay further into the S1 exciton with dominant Frenkel
exciton-like character where they become trapped for at
least 10 ps. Interestingly, the energy of the of S1 exciton
(E − EHOMO = 1.7 eV) is still significantly larger than
the energy of the LUMO-derived molecular state inside
the carbon cage18,19. This suggests that the exciton dy-
namics of all three excitonic states CT2, CT1 and S1 only
involve excited states that are located at the carbon cage,
but not at the Sc3N core. It is hence very similar to the
exciton dynamics of the prototypical fullerene C60
17.
2.2. Exciton dynamics of a K-intercalated
K1(Sc3N@C80) thin film
We now turn to the modification of the exciton dynam-
ics of the Sc3N@C80 film after K intercalation and start
with a K concentration with one K-atom per Sc3N@C80
molecule (x = 1).
First of all, K intercalation of the pristine Sc3N@C80
thin film results in a spectral broadening of the valence
band structure coinciding with a work function decrease
of ∆Φ = 0.5 ± 0.05 eV19. This spectral broadening
has its origin in the lifting of the degeneracy of the pi-
orbitals located at the C80 cage, which is caused by the
reduced cage symmetry of the doped fullerene cage21.
The most important change, however, is the population
of the LUMO-derived state located at the Sc3N core. It
becomes occupied by the CT from the K-dopant atom to
the Sc3N@C80 and leads to a new spectroscopic feature
in the molecular valence band structure located 0.85 eV
above EHOMO
16,19. It is marked by a black Gaussian
curve in the spectra in Fig. 2d.
Besides these spectral changes, K intercalation has a
strong effect on the optically induced exciton dynamics
of the K1(Sc3N@C80) thin film which is summarized in
Fig. 2. The measured excited state dynamics are shown
in Fig. 2a, the corresponding energy level diagram in
Fig. 2b. Optical excitation results in the instantaneous
formation of hot excitons 2.8 eV above EHOMO (CT2).
Subsequently, these hot CT2 excitons thermalize and
continuously decay into the excitonic level CT1 at lower
energies. The exciton population is trapped in the CT1
exciton for a hew hundreds of fs before vanishing from
the excited states. In particular, we do not observe any
indication for a long-lived trapping of excitons in the S1
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FIG. 2: Electron dynamics in a K-intercalated K1(Sc3N@C80) multilayer film. a Excitons are created with a fs 3.2 eV laser
pulse and subsequently decay into energetically lower excitonic states. b The energy level diagram shows the energetic position
of the excitons CT2 and CT1. c Population dynamics of the excitonic levels shown in panel b. Besides CT2 and CT1, the
excitonic state S1, populated during the decay cascade of the pristine Sc3N@C80 film (see fig. 1), has been included in the
fitting routine (blue dots), but is not populated for the K-intercalated case (compare Fig. S2). d Valence band structure of the
studied K-intercalated Sc3N@C80 film for different pump-probe time delays (shown in green colors). The colored peaks show
the contributions of the fitting model for the quasi-static spectrum at ∆t = −250 fs (for other time steps, refer to Fig. S4). e
Transient change of the linewidth for the HOMO state (dots), fitted with a double exponential decay function convoluted with
the pump-probe cross correlation curve (solid line).
level as discussed beforehand for the pristine Sc3N@C80
films.
The time scales of the exciton decay cascade can be
determined from the transient population of the CT2
and the CT1 state shown in Fig. 2c. These values were
extracted from the time-resolved photoemission data by
using Gaussian curves at fixed excited state energies as
discussed above. The best fitting result was obtained for
a slightly larger excited state energy of Gaussian peak
modelling the thermalized CT1 excitons. Interestingly,
no population could be detected for the energy position
of the S1 exciton (blue data points). Using exponen-
tial decay functions, we observe depopulation times of
τCT2,K = 50 ± 15 fs and τCT1,K = 0.5 ± 0.2 ps for the
CT2 and CT1 excitons. The depopulation time for the
CT1 state is hence almost one order of magnitude smaller
after K intercalation than in the pristine Sc3N@C80 film.
These time scales can be directly compared to each other
as the K intercalation study was conducted on the same
sample as the study of the exciton dynamics of the pris-
tine Sc3N@C80 film. This suggests a new and signif-
icantly faster decay (or energy dissipation) mechanism
for the thermalized CT1 excitons due to the presence of
K impurities.
These changes are also reflected in the transient
linewidth broadening ∆ FWHM of the valence states.
EDCs at selected time delays are shown in Fig. 2d, the
extracted transient linewidth broadening of the HOMO is
illustrated in Fig. 2e. Similar to the pristine Sc3N@C80
film, there is an immediate broadening of the HOMO
upon the excitation followed by a double-exponential de-
cay back to the initial spectral linewidth. The decay
times extracted from the double-exponential decay fit are
τTB2,K = 75 ± 35 fs and τTB1,K = 0.4 ± 0.2 ps, respec-
tively. Both decay times match the depopulation times of
the CT2 and CT1 excitons in the excited states, demon-
strating that both types of excitons still reveal dominant
CT character, even after K intercalation.
Hence, K intercalation results in a significantly faster
decay of the thermalized charge-transfer excitons CT1
compared to the CT1 excitons of the pristine Sc3N@C80
thin films. Crucially, these CT1 excitons do not decay
into lower lying excitonic levels, such as the S1 exciton
for the pristine film, but disappear completely from the
excited state spectra. These observations could either be
attributed to a direct recombination of the electron and
hole of the CT1 exciton, i.e., to a direct decay of the CT1
exciton into the ground state, or to an efficient exciton
dissociation and the generation of free carriers. In the
following, we tackle this question by studying the cor-
relation between the exciton dynamics of K-intercalated
Sc3N@C80 thin films for various K concentrations.
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FIG. 3: K concentration-dependent intercalation study of a Kx(Sc3N@C80) multilayer film. a Valence band photoemission
spectra of Kx(Sc3N@C80) for selected intercalation steps (see supplementary figure S5b for all datasets). The K concentration
x has been estimated by comparison of valence band photoemission spectra with literature19 (compare figure S5a). The line-
shape of the Gaussian curves show the contributions to the valence band photoemission spectra of Kx(Sc3N@C80).
b Increasing LUMO occupation (black dots; left vertical scale) and decreasing work function (blue dots; right vertical scale)
extracted from the fit of the valence orbital photoemission spectra in a as a function of dopant concentration x. c Normalized
transient HOMO linewidth for selected intercalation steps (shifted vertically for better comparability). All data sets are shown
in supplementary figure S5c. d Extracted decay time τTB1 for different dopant concentrations x. The decay time decreases for
K concentrations x > 0.3. Colored data points are extracted from the respective graph in c. All data sets used for extraction
of the shown data are shown in supplementary figure S5c.
2.3. K concentration-dependent exciton dynamics
of Kx(Sc3N@C80) thin films
The K concentration-dependent exciton dynamics of
the Sc3N@C80 thin film are shown in Fig. 3. The K
concentration of each intercalation step was identified by
the characteristic line-shape of the (static) valence band
structure19 which is shown in Fig. 3a for selected K con-
centrations x. The continuous broadening of the valence
band structure with increasing K concentration can be
attributed to a K-induced structural distortion of the C80
cage coinciding with a change in the cage symmetry and
a lifting of the energy degeneracy of the molecular va-
lence orbitals16,19,21. In addition, increasing the K con-
centration results in a gradual population of the LUMO-
derived state at the Sc3N core due to a charge trans-
fer from the K atoms into the molecule. The amount of
charge transfer can be estimated by the spectral weight of
the corresponding LUMO-derived feature in the valence
band spectra which emerges at 0.85 eV above EHOMO
(black Gaussian curve in Fig. 2d and Fig. 3a). It is
shown in Fig. 3b as black data points together with the K
concentration-dependent decrease of the work function.
For each intercalation step x, the excited states and
the transient evolution of the valence states were stud-
ied by time-resolved photoemission. Here, we focus our
discussion on the K-induced modifications of the pop-
ulation dynamics of the excitons with dominant CT
character, which dominate the first steps of the exci-
ton thermalization and decay process in fullerene mate-
rials. Their dynamics are fully reflected in the transient
linewidth broadening of the molecular valence bands
which is shown for the exemplary case of the HOMO
level in Fig. 3c for selected K concentrations x. The tran-
sient linewidth of the HOMO has been normalized to its
linewidth before optical excitation for better compara-
bility of the K-dependent transient linewidth traces. All
transient linewidth traces were analyzed by the double-
exponential decay model presented earlier and resulted
in K concentration-dependent decay times τTB2(x) and
τTB1(x). Within our experimental uncertainty, the fast
decay time τTB2(x), connected to the initial optical ex-
citation, stays constant for all K concentrations, which
suggests that the thermalization dynamics of the opti-
6cally excited, hot CT2 excitons do not dependent on the
amount and density of the K atoms within the Sc3N@C80
films.
In contrast to the dynamics of the hot CT2 exci-
tons, we find two characteristic intercalation regimes
for the K-dependent dynamics of the more thermalized
CT1 excitons which are shown in Fig. 3d. In the first
regime between 0.3 < x < 1, the depopulation times
τTB1(x) = τCT1(x) of CT1 change quantitatively and de-
crease from 0.75±0.25 ps to 0.25±0.2 ps, i.e., the average
speed of the exciton decay process increases with increas-
ing K concentration. In parallel, we observe a reduction
of the spectral yield of the S1 exciton, which completely
vanishes for K concentrations x ≥ 1. In this regime, we
observe a saturation of τTB1(x ≥ 1) at 0.25± 0.2 ps and
the disappearance of any signature of the S1 excitonic
level in the excited states. Hence, there is a characteris-
tic and qualitative modification of the exciton dynamics
of the Kx(Sc3N@C80) films above the critical K concen-
tration of x = 1. Therefore, the exciton dynamics of the
K1(Sc3N@C80) film discussed above are representative
for all K concentrations in this regime (x ≥ 1).
Interestingly, the transition of the exciton dynam-
ics occur for a K concentration with one K atom per
Sc3N@C80 and not at x = 2, where the lowest LUMO
state, located at the core, would be completely occu-
pied (see Fig. 3d). This suggests that the population of
the LUMO level is not the decisive factor in the qualita-
tive transition of the exciton dynamics since population-
induced blocking of final states for the exciton relax-
ation process can only occur efficiently for fully occupied
molecular orbitals. Instead, we propose that the direct
decay or dissociation of the CT1 is most likely triggered
by the spatial vicinity of the CT exciton and the K atom.
3. CONCLUSION
Our experimental findings have demonstrated the de-
cisive influence of K intercalation on the exciton decay
processes of endohedral metallofullerenes. The exciton
dynamics of the pristine Sc3N@C80 thin film reveal the
typical exciton dynamics of fullerene thin films17,22–24,
i.e., the wave functions of the excitonic level are mainly
localized on the carbon cage. First, optical excitation
with visible light results in the formation of hot excitons
with CT character (CT2). These hot CT2 excitons re-
lax within sub-100 fs into thermalized CT excitons (CT1)
with significantly longer depopulation times in the order
of 1 ps. Finally, the excitons relax into a Frenkel-like ex-
citonic level S1 in which they become trapped for several
ps.
After K intercalation, the exciton dynamics of the
molecular material are strongly modified above a charac-
teristic step, corresponding to a distinct K concentration
regime. For moderate doping concentrations with less
than one K atom per Sc3N@C80, we observe a continu-
ous reduction of the depopulation times of the CT1 and
a decreasing maximal population of the S1 exciton which
increasing K concentration. For larger K concentrations
with at least one K atom per Sc3N@C80 molecule, the
CT1 excitons no longer decay into the energetically lower
S1 state, but directly dissolve or dissociate with a con-
stant depopulation time below 0.5 ps.
Most importantly, the characteristic transition be-
tween these two exciton decay processes occurs below
one K atom per Sc3N@C80 molecule. This suggests that
either the direct spatial vicinity between the CT excitons
and the K dopants or a minimum charge transfer between
the K dopants and the Sc3N@C80 molecules is required
for the modification of the excitation dynamics.
Charge transfer into the Sc3N@C80 molecule results in
an occupation of the 3d orbitals of the Sc atoms in the
metal core coinciding with a reducing of the wave func-
tion overlap between the Sc3N cluster and the C80 cage.
This can lead to a change of the cage symmetry of the
pristine Sc3N@C80
16,19 and to lattice distortions of the
molecular films21 upon K intercalation. This could influ-
ence the excited state decay channels for carbide-based
clusterfullerenes14. However, these modifications of the
structural and electronic properties of the molecules still
evolve, even for K concentrations larger than one K atom
per Sc3N@C80 molecule, as is clearly visible in our pho-
toemission data in Fig. 3. This is shown, for instance,
by the continuous modifications of the molecular valence
band structure for K concentrations x ≥ 1.
Therefore, our findings indicate that the interaction
between CT excitons and K-dopant atoms are responsi-
ble for the qualitative transition in the exciton decay dy-
namics. The charge-transfer process between the K atom
and the Sc3N@C80 molecule leads to an (at least partial)
ionic character of the K-dopants in the molecular film. As
a result, the dynamics of the CT excitons in the vicinity
of a K ion are severely altered by the interaction of the
microscopic charge distribution of the CT excitons and
the Coulomb potential of the K ions. This additional in-
teraction opens a new relaxation pathway either towards
the recombination of the electron and hole of the exci-
ton or towards exciton dissociation and the generation
of free charge carriers. An enhanced exciton decay via
recombination is more likely in molecular materials with
enhanced structural or charge order which, for instance,
occurs by reducing the thermal motion of the molecules
using e.g. temperature25,26. This is clearly different in
our case, where K intercalation results in the lattice dis-
tortions of the Sc3N@C80 molecule and the increase of
K defect sites that break the translation symmetry of
the molecular layer. Therefore, we propose that K in-
teraction significantly enhances the speed and efficiency
of the free charge carrier generation via exciton dissoci-
ation. Possibly, the ionic K dopants are able to capture
the electron of the excitation via Coulomb attraction re-
sulting in the generation of free holes in the Sc3N@C80
film.
Finally, we would like to point out that our model
can also explain the independence of the depopulation
time of the CT1 exciton on K intercalation for low inter-
calation concentrations. For low K concentrations, the
7probability to create CT excitons in direct vicinity of a
K atom is rather low due to the random distribution of
the K dopants in the molecular film and the stochasti-
cal process of the optical excitation. Hence, only a small
number of CT excitons can dissociate via the ultrafast K-
mediated relaxation channel while the other CT excitons
decay with the intrinsic depopulation time of the pristine
films before becoming trapped in the S1 state. Our pho-
toemission experiment spatially averages over all these
processes and the recorded signal is composed of both
decay processes according to their relative contributions.
With increasing K concentration, the relative contribu-
tion of the direct exciton dissociation process increases
and the average depopulation time constant of CT1 de-
creases until is saturates at x = 1. At this point, all CT
excitons decay via the much faster relaxation channel
mediated by the K intercalation-induced charge defects.
In conclusion, our investigation of the exciton dynam-
ics in K-intercalated endohedral metallofullerenes has
demonstrated the decisive role of alkali metal interca-
lation on the ultrafast exciton dynamics of molecular
materials. We uncovered a K-induced ultrafast relax-
ation mechanism that prevents the trapping of excitons in
long-lived excitonic states and results, most likely, in the
generation of free charge carriers on ultrafast, sub-500 fs
timescales. We therefore propose alkali metal doping of
molecular films as a novel approach to enhance the light-
to-charge carrier conversion efficiency in photovoltaic ma-
terials that could potentially pave the way towards the
next generation of molecular-based light-harvesting ap-
plications with superior performance.
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FIG. 1: Excited state dynamics of the pristine Sc3N@C80 film for selected time delay steps, complementing figure 1a-c of the
main text. On the left side, the energy level diagram for the pristine Sc3N@C80 film is shown, as presented and discussed in
the main text. On the right side, energy cuts at selected pump-probe time delays are plotted on the same energy axis as the
energy level diagram on the left side, in arbitrary units (black dots). The overall fitting function and the individual Gaussian
peaks used for the fit are included as colored lines. While position and linewidth were constrained to constant values, the peak
area, representing the transient population of each excited state, is the only free parameter of the fitting routine. The resulting
transient population (area) of all three Gaussian curves are plotted in figure 1c of the main text. The Gaussian curve modelling
CT2 (solid black) has a width of ∆E = 0.75 eV and a position of E − EHOMO = 2.8 eV, the second Gaussian, modelling CT1
(solid red) has a width of ∆E = 0.5 eV and a position of E −EHOMO = 2.1 eV and the Gaussian modelling S1 (solid blue) has
a width of ∆E = 0.2 eV and a position of E − EHOMO = 1.7 eV.
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FIG. 2: Excited state dynamics of the K intercalated K1(Sc3N@C80) film for distinct time delay steps, complementing figure
2a-c of the main text. On the left side, the energy level diagram for the K intercalated K1(Sc3N@C80) film is shown, as
presented and discussed in the main text. On the right side, energy cuts at selected pump-probe time delays are plotted on
the same energy axis as the energy level diagram on the left side, in arbitrary units (black dots). The overall fitting function
and the individual Gaussian peaks used for the fit are included as colored lines. While position and linewidth were constrained
to constant values, the peak area, representing the transient population of each excited state, is the only free parameter of the
fitting routine. The resulting transient population (area) of all three Gaussian curves are plotted in figure 2c of the main text.
The Gaussian modelling CT2 (solid black) has a width of ∆E = 0.7 eV and a position of E − EHOMO = 2.8 eV, the second
Gaussian, modelling CT1 (solid red) has a width of ∆E = 0.6 eV and a position of E − EHOMO = 2.45 eV.
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FIG. 3: Fitting model for the transient linewidth broadening of the valence band structure at selected time delays, complementing
figure 1d of the main text. The spectra have been recorded using the snapshot mode of our detector (E pass = 100 eV) together
with our femtosecond-XUV light source (hν = 22.2 eV). Each datapoint is calculated from a 2D image with axis of kinetic
electron energy E kin versus electron emission angle Θ for a fixed pump-probe delay. Changing the pump-probe time delay ∆t,
we acquire our 3D-data stack I(E kin,Θ,∆t). To obtain the shown 1D plots, we extract a cut along the energy and average
the information in a small angle region of around 3◦. The fitting routine is a two-step process, starting with an exponential
background subtraction, which has already been performed for the data shown above. The second step consists of analyzing
the spectral line-shape of the valence band, using the least number of Gaussian peaks needed for a decent description of the
spectrum. After optimizing the absolute position, width and area of each Gaussian peak to match the spectral line-shape of
the quasi-static spectrum at ∆t = −250 fs, the relative position, area and width of all Gaussian peaks are constrained to these
values during the fitting process. The result of the fit of the time-dependent data are only three free parameters, namely one
free area, position and width. The underlying assumption of this approximation is that all valence states will react similarly to
the perturbation induced by absorption of UV light, as demonstrated recently in our previous work1. While the time evolution
of the area and position stay constant in time within error bars, the spectral linewidth changes over time, as shown in figure
1e of the main manuscript.
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FIG. 4: Valence orbital fit of the K intercalated K1(Sc3N@C80) film for distinct time delay steps, complementing figure 2d of
the main text. For details about the fitting procedure for the valence band photoemission spectra shown here, see caption of
figure 3 of the supplementary information.
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FIG. 5: Static valence band spectra, transient linewidth broadening and excited state population for different intercalation steps
x of the Kx(Sc3N@C80) film at a time delay of 300 fs, complementing figure 3 of the main text. a Static valence band spectra
taken for each intercalation step x, plotted in a similar way as previously by Alvarez et al.2. The spectral shape of these valence
band photoemission data sets was used to calibrate the K concentration x, the absolute intercalation density per Sc3N@C80
molecule. b UPS valence spectra with Gaussian curves used to model the valence states, as plotted in figure 3a of the main
text, but for each intercalation step. c Normalized transient linewidth broadening of HOMO, extracted from the fs pump-probe
spectroscopy valence spectra for all K concentrations x, as plotted in figure 3c of the main text. d Excited state spectra
recorded at ∆t = 300 fs for the pristine (x = 0) and K-intercalated film with different K concentrations x. The spectra are
vertically shifted for better visibility. At ∆t = 300 fs, the excited state spectra of the pristine and marginally K-intercalated
film already reveal the spectroscopic signature of the Frenkel-like S1 exciton together with the residual intensity of the CT1
exciton on its high energy side. In contrast, the other spectra show a broad spectral feature at E −EHOMO = 2.45 eV. This is
the signature of the CT1 exciton before exciton dissociation.
72. SUPPLEMENTARY METHODS
2.1. Experimental Setup
The Sc3N@C80 molecules were evaporated in situ, using a Knudsen cell at a temperature of 520
◦C, onto an Ag(111)
single crystalline surface prepared by cycles of Ar+-sputtering and followed by annealing under UHV (< 10−9 mbar)
conditions. The Sc3N@C80 multilayer film was prepared in several subsequent steps. First, a multilayer has been
evaporated, which then has been annealed to a monolayer film by thermal desorption. At this preparation stage, the
characteristic LEED pattern of the monolayer film can be observed3. At higher scattering energies, the substrate spots
of the Ag(111) crystal can be observed again. Second, we evaporated a multilayer of Sc3N@C80 molecules, showing no
additional diffraction spots in LEED and no valence bands of the substrate in photoemission. The spectral shape of
the Sc3N@C80 film is in very good agreement with literature
2,3. For the K intercalation, a Saes Getters alkali metal
dispenser was used. The effective potassium (K) concentration was estimated by comparison of the valence band UPS
spectra with reference spectra from literature2. The time-resolved photoemission spectroscopy (trPES) measurements
have been performed in a pump-probe setup with our fs-XUV light source4, emitting p-polarized light pulses with
20 ± 16 fs pulse duration and 22.2 eV photon energy. A time-delayed, sub-50 fs, p-polarized, 3.2 eV light pulse has
been used to excite the electron system of the molecular film. This technique allows one to simultaneously observe
both the dynamics of directly excited electrons (exciton dynamics) and the ensemble dynamics of the surrounding
film (polaron dynamics), revealing the spectroscopic signature for the charge state of the optically excited excitons1.
For both trPES and UPS measurements, our state-of-the-art hemispherical electron analyzer Specs Phoibos 150 has
been used in normal emission. Together with the chosen lens settings, this enables us to resolve a momentum regime
of k|| = ±0.5A˚−1 around the Γ¯-point. The molecular valence band spectra discussed in this paper are averaged over
this momentum range.
2.2. Details on the spectral analysis of excited states
To extract the transient population dynamics of the different excited states from the acquired raw data, we generated
energy distribution curves (EDCs) for each pump-probe time delay by integrating over the electron emission angle
degree of freedom recorded by our hemispherical analyzer. Thereafter, the obtained 1D spectra were averaged over
the multiple delay scans recorded within the measurement. In a next step, a Gaussian background was subtracted for
every time delay of the scan. The data obtained this way is plotted in Fig. 1 and 2 of the supplementary information
(SI) for distinct time steps (dotted lines). Furthermore, by application of a sliding average for the delay time and
a smoothing in energy, the overview graphs in figure 1a and 2a of the main text have been created from this data.
Subsequently, we analyzed the spectral shape of the exited states of the unsmoothed, background subtracted data
by fitting each spectrum individually with three Gaussians. During the fitting procedure, the width and the peak
positions were constrained to constant values. The peak positions and the peak width were optimized by iteratively
repeating the fitting procedure with different, but time-independent width and position values. The only free fitting
parameters are thus the peak heights of the three Gaussians. In Fig. 1 and 2 of the SI, the found positions and widths
are plotted together with the fit curve and the raw data for distinct time delays. The delay time dependent Gaussian
peak area, being the observable describing the transient population of the respective excited states is shown in figures
1c and 2c of the main text.
82.3. Details on the analysis of the population decay of the excited states
From the transient peak areas obtained by the orbital fit of the excited states presented in the previous section,
population decay constants of the excited states CT2 and CT1 have been extracted by fitting their time dependent
intensity evolution by the exponential fitting function FCT2(t) and FCT1(t):
FCT2(t) = G(t)⊗
{
I0 t < t0
ICT2e
−(t−t0)/τCT2 t ≥ t0 (1)
FCT1(t) = G(t)⊗
{
I0 t < t0
ICT1e
−(t−t0)/τCT1 (1− e−(t−t0)/τCT1,R) t ≥ t0. (2)
I0 is the background intensity, τCT2 the decay constant of the CT2 level, τCT1,R the rise time of the intensity of the
CT1 level, and τCT1 the decay constant of the CT1 level. For the data analysis, the fit functions were convoluted
with a normalized Gaussian function G(t) with Tp−p = 70 fs. The latter value corresponds to the pump-probe
cross correlation on the sample surface and was determined experimentally. The best fitting results were obtained
for τCT1,R = τCT2 . The corresponding fitting functions are shown as solid lines in figure 1c and 2c of the main
manuscript. To describe the transient CT1 population, a double-exponential decay with refilling has been assumed,
similar to the method presented in the next section.
2.4. Details on the analysis of the transient width dynamics of the occupied valence band states
After having obtained the valence orbital widths as described in the caption of figure 3 of the SI, the decay
constants of the fast decay channel τTB2 and the slow decay channel τTB1 can be extracted from the width ∆E using
the following relation:
∆E(t) = G(t)⊗
{
∆E0 t < t0
∆E0 + ∆ETB2e
−(t−t0)/τTB2 + ∆ETB1e
−(t−t0)/τTB1 (1− e−(t−t0)/τCT2 ) t ≥ t0. (3)
Here, G(t) is a Gaussian function with a temporal width Tp−p = 70 fs, introduced to consider the temporal broadening
introduced by the pump and probe pulse. The fit function describes a double-exponential decay process with refilling
to model the two subsequent decay steps observed in the excited states. The fit functions obtained using this method
are plotted in figures 1e, 2e and 3c of the main text together with the respective data.
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